The most widely used objective criterion for the treatment of fractures of the greater tuberosity is the amount of initial displacement.
The most widely used objective criterion for the treatment of fractures of the greater tuberosity is the amount of initial displacement. [1] [2] [3] [4] [5] [6] Most authors advocate conservative treatment of fractures with less than 0.5 cm of displacement and surgery for injuries in which it is more than 1.0 cm, 1, 2, 4, 6 but the optimal management of fragments with distraction of between 0.5 and 1.0 cm is unclear. With displacement there is often loss of shoulder abduction 2,4,7 which has been attributed to an alteration of the function of the rotator cuff 8 and a direct mechanical block. 3, 7 In addition, superior or posterior malalignment of the greater tuberosity can lead to its prominence causing painful impingement.
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In order to understand better the relationship between displacement and the mechanics of abduction of the shoulder, we have attempted to ascertain the effects in vitro of malunion of the greater tuberosity. Specifically, we have investigated the influence of displacement of superior and posterior fractures on abduction forces in a dynamic shoulder model.
Materials and Methods
Preparation of specimens. We obtained eight freshly frozen human cadaver shoulders from individuals ranging in age from 43 to 81 years which were stored at a constant 20°C below zero in a commercial-grade freezer. The specimens were thawed at room temperature for immediate dissection and testing. Skin and subcutaneous tissue were carefully stripped and deep dissection around the scapula included meticulous delineation of all the musculotendinous borders of the rotator cuff. The borders of the deltoid muscle were outlined in their entirety and the distal insertion into the deltoid groove of the humerus and the proximal attachments on to the acromion and clavicle were noted. The trapezius muscles were reflected and resected from their scapular and clavicular origins giving full exposure of the supraspinatus muscle and tendon. The insertions of the tendon of the rotator cuff were traced laterally to their attachments on the greater tuberosity. All the specimens were inspected to check the integrity of the bone, rotator cuff, and joint capsule integrity and those with evidence of acute or chronic tears of the cuff, previous fractures or malunion of the proximal humerus, or previous acromioplasty or resection of the acromion were excluded. Tissue hydration was maintained throughout the experiment by intermittent irrigation with a saline spray warmed to 98.6°F.
After meticulous dissection, the tendons of the rotator cuff (supraspinatus, infraspinatus, teres minor and subscapularis) were transected approximately at the level of the musculotendinous junction, leaving a cuff of 0.5 cm for subsequent fixation to the testing apparatus. The muscle bellies were carefully elevated from their respective fossae on the scapula. S-shaped hooks (2.54 cm, 18 kg) were sutured into the tendon at their medial borders with a No. 5 braided non-absorbable suture in a modified Bunnell stitch and reinforced with one loop of 12-gauge surgical steel wire. The lower halves of the scapulae were stripped of soft tissues and placed in a block of polymethylmethacrylate bone cement, 9 ϫ 15 cm in size. Shoulder testing apparatus. The dynamic-active testing apparatus is a novel design adapted from previously validated systems. [9] [10] [11] Two steel plates welded at a right angle served as the fixation pedestal to the base of the servohydraulic machine. Two parallel open-ended pulleys at the superior midpoint of the backplate, directed anteriorly, carried middle deltoid cables, fixed at the insertion of the deltoid tendon, to the servohydraulic actuator. A medial side arm supported three pulleys in series serving to transfer downward forces of hanging weights to the infraspinatus/teres minor, supraspinatus, and subscapularis tendon cables along their physiological centroids.
The specimens were then bolted to the upright plate of the apparatus with the medial scapular border orientated vertically (Fig. 1) . The clavicles were fixed in the anatomical position by a cortical screw cemented to the upright plate in right-sided specimens or to the medial scapular spine in left-sided specimens. Low-friction sheathed bicycle brake cables were used to transmit deltoid and cuff forces. The anterior and middle deltoid cables passed through two small plastic arches on the lateral acromion and clavicle to localise transmission of force across the approximated muscle centroids and to limit excursion. The ends of the cables converged on a bicortical screw at the deltoid tuberosity. Proximally, the deltoid cables were fixed to the servohydraulic actuator via a 1000 Newton load cell. The same 22 N weight was attached 4 cm distal to the insertion of the deltoid of each specimen simulating a standardised weight of the distal extremity. Three rotatorcuff cables passing medially along the muscle centroids linked tendons of the cuff to free-hanging weights which provided constant forces, eliminating the effects of creep and stretch of the tendon fibres and suture-cable complex. After an initial trial of abduction to 90° the cuff weights were serially adjusted to reflect 16%, 28% and 38% of the measured deltoid force for the supraspinatus, infraspinatus/ teres minor, and subscapularis, respectively. This approximated to the proportional muscular forces observed in previous published investigations in vivo.
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Fracture simulation. An osteotomy of the greater tuberosity was meticulously created from anterior to posterior with a 0.64 cm oscillating saw along the lateral border of the intertubercular groove, without violation of the humeral insertions of the tendons of the rotator cuff. The fragmenttendon complex, containing the insertions of the supraspinatus and infraspinatus/teres minor muscles, was then reflected posteriorly and superiorly to allow access to the underlying cancellous bone. The exposed cancellous bone was atraumatically excavated using a sharp curette to a depth of 2 cm and filled with polymethylmethacrylate flush to the cortical borders of the osteotomy. Bone cement was used since it is a strong and durable medium to which the fragment of the tuberosity could be fixed in increments of measured displacement. At the hard-doughy state of the cement, trial reduction of the fragment was carried out to confirm anatomical fit. With the fragment held reduced after hardening of the cement, an orientation hole was drilled with a 2.5 mm bit through the hard cortical bone of the distal aspect of the fragment into the cement. With the fragment held reflected, 2.5 mm holes were drilled and tapped at measured displacements with respect to the orientation hole within the cement: superior 1.0 cm, superior 0.5 cm/posterior 0.5 cm, superior 0.5 cm/posterior 1.0 cm, superior 1.0 cm/posterior 0.5 cm and superior 1.0 cm/posterior 1.0 cm (Fig. 2) . A 3.2 mm drill bit was used to overdrill the hole in the fragment of the tuberosity to allow compression. One 3.2 mm fully-threaded cortical bone screw was used to attach the greater tuberosity securely at each displacement, simulating a healed malunion (Fig. 3) , Testing of specimens. The deltoid cable force was continuously measured during three uniform cycles of movement from 0° to 90° of elevation in the scapular plane for each specimen at each displacement. With forces being independent of rate, a sufficiently slow loading rate of 0.3°/s was used to eliminate the confounding effects of acceleration/deceleration of the cable-operated system since the model uses unopposed abduction agonists. Intact shoulder specimens were tested before osteotomy. Each osteotomised specimen was first tested at zero displacement to determine the effects of the osteotomy on observed forces. Subsequently, each was tested at each displacement combination in varying orders. During each testing cycle, the presence or absence of direct contact of the greater tuberosity on the lateral or undersurface of the acromion was noted and recorded. Analysis of data. Displacements and forces were recorded using MTS Teststar II software (Minneapolis, Minnesota) and transferred to Microsoft Excel for analysis of data, which were graphically displayed and the peak abduction force recorded. Peak forces were statistically analysed using a repeated-measures analysis-of-variance software program (SuperANOVA) for significance between and within specimens and confidence intervals were determined (Fig. 4) .
Results
Displacement of all combinations (Tables I and II) except one caused a significant increase in the abduction force of the deltoid when compared with no displacement (p < 0.01). Forces with superior displacement of 0.5 cm were significantly increased (p < 0.01) representing an increase of force requirement of 16%. Superior 0.5 cm/ posterior 0.5 cm displacement did not cause a detectable increase in abduction force (p > 0.01). There was no significant difference between intact and post-osteotomised non-displaced specimens (p = 0.99). Abduction forces with 1.0 cm superior and superior 1.0 cm/posterior 1.0 cm were significantly greater than forces with 0.5 cm superior displacement (p < 0.005). The significant increase with 0.5 cm superior displacement became insignificant with additional posterior displacement of 0.5 cm. Subacromial contact was observed with superior 1.0 cm/posterior 1.0 cm and superior 0.5 cm/posterior 1.0 cm displacements in eight and seven specimens, respectively. Superior displacement of 1.0 cm also caused anatomical impingement in seven specimens, while superior displacement of 0.5 cm impinged in only one case.
Discussion
The conservative treatment of fractures of the greater tuberosity has led to variable outcomes. Clinically, loss of shoulder abduction can be influenced by a number of factors, including a tear of the rotator cuff, painful movement, rehabilitation and concomitant nerve palsy. The biomechanical effects of greater displacement of a fracture of the tuberosity must also be considered. With the supraspinatus tendon inserting on the fragment, we postulate that displacement effectively changes the force vectors of this muscle. This seems likely since previous studies 12, [17] [18] [19] Graphical representation of 95% confidence intervals for each displacement group. Our study shows statistically significant increases in force necessary to abduct the arm to 90° with displacement of the fracture by as little as 0.5 cm in vitro. We believe that superior displacement of the tuberosity divides the normally primarily medial component of the supraspinatus force into a medial and inferior component. In effect, a portion of the muscle's pull is directed downwards and can no longer contribute to abduction of the shoulder. It may be inferred from the data that a critical change occurs between zero displacement and 0.5 cm superior displacement.
A small amount of posterior displacement appeared effectively to reverse the increased deltoid forces observed with displacement of 0.5 cm. In an anatomical study, Minagawa et al 21 A direct mechanical block may contribute resistance to elevation of the shoulder. The greater tuberosity contacted the inferior or lateral surface of the acromion in most specimens with displacement greater than 1.0 cm posterior or superior. Acting as mechanical impedance to elevation of the shoulder, this may have contributed to the higher deltoid abduction forces which were recorded. Although more apparent with larger displacements, the influence of small amounts of superior translation (0.5 cm) is difficult to discern without measurements of subacromial pressure. Since visible contact was rarely observed with malunion of 0.5 cm, decreased subacromial volumes with increased pressures may have contributed to increased abduction forces. Without such measurements, however, this relationship remains hypothetical and requires further investigation.
Although we used a previously validated model, we note the limitations of clinical correlation from a biomechanical investigation in vitro. The data show statistically significant increases in deltoid abduction forces which may not be clinically significant, since compensatory deltoid strengthening could possibly overcome the decrease in the abduction moment arm of the rotator cuff. The clinical results of management are dependent on a number of variables in addition to displacement of the fracture. The effects of tears of the rotator cuff both pre-existing or simultaneously sustained, are not known since they may accelerate degeneration of the tendon complex and predispose to painful movement. Pain, by itself, after an injury, can substantially inhibit regaining movement.
In support of our data, we emphasise that the biomechanical model by design supplies a constant maximal force to the supraspinatus tendon. With this supraphysiological force, the peak deltoid forces observed are most likely to be underestimated. Furthermore, the fracture model simulates superior and posterior displacement only, while a large number of fractures in vivo also have considerable medial displacement. We believe that this would cause an additional mechanical disadvantage for the muscle, decreasing the available tendon excursion to aid abduction. Since the model does not simulate this loss of excursion, the increases in deltoid forces which are observed are, again, likely to be underestimations.
